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ABSTRACT

The radio occultation technique, which has been repeatedly
proven for planetary atmospheres, was first utilized to
observe Earth’s atmosphere by the GPS-MET experiment
(launched in April 1995), in which a high performance
GPS receiver was placed into a low-Earth orbit. During
certain phases of the mission, more than 100 occultations
per day are acquired. A subset of this occultation data is
analyzed and temperature in the neutral atmosphere and
electron profiles in the ionosphere are obtained.
Comparing about 100 (31" S-M KT retrievals to accurate
meteor ological analyses obtained from the European
Center for Medium-range Wesather Forecasting at heights
between 5-30 km, temperature differences display biases of
less than 0.5K and standard deviations of 1 -2K in the
northern hemisphere, where the model is expected to be
most accurate. Furthermore, electron density profiles
obtained for different geodetic locations and times show
themuin features that arc expected in the ionosphere.

I-INTRODUCTION

When a signal transmitted by the global positioning
systent (GPS) and received by alow-lHarth orbiter (1.EO)
passes through the Earth's atmosphere [Fig.1] its phase
and amplitude arc affected in ways that arc characteristic of
the index of refraction of the propagating medium. By
applying certain assumptions on the variability of the
index of refraction of the propagating media (e.g. spherical
symmetry in the locality of the occuitat ion), phase change
measurements between the transmitter and the receiver
yieldicfractivity profilesin the ionosphere (-60- 1000 km)
and ncutral atmosphere (0-50 km). The refractivity, in
turn, yields election density in the ionosphere, and
temperature and pressure in the neutral atmosphere. In the




lower troposphere, where water vapor contribution to
refractivity is appreciable, independent knowledge of the
temperature can be used to solve for water vapor
abundance.

The radio occultation technique has a 30 year tradition in
NASA'’s planetary program and has been a part of the
planetary exploration programs to Venus, Mars and the
outer planets [sce, for example, Tyler, 1987]. However,
the application of the technique to sense the Karth's
atmosphere using G] 'S, first suggested by Melbourne et
a. [ 1988] and Yunck et al. [1988], was tested for the first
time with the launch of the GPS-MET mission on April
3,1995, GPS-MET is an experiment managed by the
University Corporation of Atmospheric Research (UCAR)
[Ware et al., 1995] and it consists of a 2. kg GPS receiver
piggybacked on the Microl.ab 1 satellite which has a
circular orbit of 730 km altitude and 60° inclination. The
GPS receiver is a space qualified TurboRogue [Mechan et
a., 1992] capable of tracking up to 8 GPS satellites
simultaneously at both frequencies transmitted by GPS.
Under an optimal mode of operation, the GPS receiving
antenna boresight is pointed in the negative velocity
direct ion of the | .1:O and provides 100-120 globally
distributed setting occultations per day. By the end of the
mission (nomina life time of 6 months), thousands of
occultations will have been collected and can be used to
assess the accuracy and potential benefit of the GPS radio
occultations.

To date, a relatively small fraction of all recorded
occultations have been analyzed using the Abel transform
approach (presented below). This paper discusses how the
GPS-MET data are analyzed and presents some results of
temperatore  retrievals  compared to  radiosonde
measurements and atmospheric analyses obtained from the
1 iuropcan Center for Medium-range Wesather Forecast
(ECMWEF). It aso presents some preliminary results of
electron density profiles obtained in the ionosphere. The
paper is structured as follows. Section 2 gives a brief
background on the radio occultation technique. The basic
features of the technique are presented in section 3. The
manner in which the GPS-MLT phase data arc calibrated
to isolate the atmospheric excess phase is described in
section 4. Section 5 presents an individua temperature
profile and statistics obtained for al occultations available
from 2 days during the experiment. These retrievals are
compared to atmospheric analysis from ECMWE. In
section 6, wc show retrievals of ionospheric profiles
obtained at different timesof day and geographical
locations. A conclusion is given in section ‘7.

2-'11111 RADIO OCCUI.TATION TECHNIQUE

The basic observable for each occultation is the phase
change between the transmitter and the receiver as the
signal descends through the ionosphere and the neutral
atmosphere. After removal of geometrical effects dueto
the motion of the satellites and proper calibration of the
transmitter and recciver clocks, the extra phase change

induced by the atmosphere can be isolated.  Excess
atmospheric Doppler shiftisthen derived. This extra
Doppler shift can be used to derive the atmospheric
induced bending, o, as afunction of the asymptote miss
distance, g, [Fig. 1], Assuming a sphericaly symmetric
atmosphere, the relation between the bending and excess
Doppler shift, Af,is given by

Af:»clﬁ,f,— xl\+(1»x)l\] @

where fis the operating frequency, c is the speed of light,
¥, and §  are the transmitter and receiver's velocity

respect ivcly,I:', and I\T, are the unit vectors in the
direction of the transmitted and received signal

respectively, k isthe onit vector in the direction of the.
straight line connecting the transmitter to the receiver.

The spherical symmetry assumption can also be used to
relate the signal's bending to the medium’s index of
refract ion, n, viatherclation

; 1 din(n) , .,

ofe)=2a| - . da
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where a = nrand t is the radius at the tangent point {Fig.
1], This integral equation can then be inverted by using
an Abel integral transform given by
ola’) ~da'
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The refractivity, N, is related to atmospheric quantities via
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where P is total pressure (mbar), 7 is temperature (K),
I”,is water vapor paitial pressure (mbar), ne is electron
density (im™3), 1 is operating frequency (Hz), p is density,
R is the gas constant, m is the gas effective molecular
weight, h is height, ¢ is gravitational acceleration.

Tangent Point

GPS

LEO
EKarth

Fig. 1: Occultation geometry defining a, r, &
and the tangent point.




When the signal is passing through the ionosphere
(tangent point height > 60 km), use of a single GPS
frequency is sufficient to estimate o to be used in Eq. (3).
Moreover, the first two terms on the right hand side of Egq.
(3) are negligible, therefore, knowledge of the index of
refraction leads directly to electron density.

When the signal is going through both the neutral
atmosphere and thc ionosphere (tangent point height < 60
km), a linear combination of the two bending angles,
associated with the two GPS frequencies, is used to isolate
the neutral atmospheric bending and its refractivity profile
is derived by usc of £4. (3)[Vorob'ev and Krasil'nikova,
1993].  In the stratosphere and tbc region of the
troposphere where temperature is colder than -250K, the
water vapor term in 1 iq. (4) is negligible.  Therefore,
knowledge of refractivity yields the density of the medium
by usc of the ideal gas law (1:0. 5). The density in turn
yields the pressure by assuming hydrostatic equilibrium
(Eq.6) and a boundary condition at some height.
Applying the gas law once more, knowledge of density
and pressure yields thc temperature. In the troposphere, at
height where the temperature is larger than 250K, the
water vapor term in bq. (4) becomes significant and it is
more efficient to solve for water vapor given some
independent knowledge of temperature [Kursinski et al.,
1995g).

3-GPS RADIO OCCULTATION FEATURES

Details about vertical and horizontal resolution of the
technique, and refractivity, temperature, pressure, water
vapor or electron density accuracies as a function of
height, arc given elsewhere in the literat are [Hardy et d.,
1993, Kursinskiet a., 1993; Hajjet al., 1994]. In this
section we quickly summarize the results of these studies.

Duc to the nature of tbc measurement, which is a pencil-
like beam of the eclectromagnetic signal probing the
atmosphere, thc technique has a much higher vertical and
across-beam resolution than horizontal (i.e. along the
beam). The vertical resolution of the technique is
essentially set by the physical width of the beam where
geometrical optics is applicable. This scale is set by the
Fresnel diameter which, in vacuum,is given by

I)V(u'uum =2 7 }\’ R(i{f,Rl,r{o; ’ (’7)
(R(iI’S + RLI‘.'())

where A is the signal’s wavelength, RGPS and Ry ;0 arc
the distances of the tangent point (sec Fig.1) to the GPS
and 1.LEO respectively. For al.EO, Dygeyum is -1.5 km.
In the presence of a medium, ducto bending induced on
the signal, the Fresnel diameter is -0.5 near the surface
and approaches 1.5 km above 20 km altitude where
bending becomes small.  When the signal encounters
sharp gradients in refractivity due to either water vapor
layers near the surface or sharp electron density changes at
the bottom of the ionosphere, the Fresnel diameter shrinks
to -200 meters.

A hori zontal resolution scale is set by the length of the
beam inside a layer with a Fresnel diameter thickness.
This length is 160-280 km for a Fresnel diameter of 0.5-
1.5 km.

In the ionosphere, the vertical scale is still set by the
Fresnel diameter; however, the horizontal scale can extend
several thousands of kilometers due to the large vertical
extent and scale height of the ionosphere. These features
of the ionosphere allow onc to usc tomographic
approaches in order to combine information from
neighboring occultations to solve for horizontal ad
vertical structure [Hajjet al., 1994].

Under ideal conditions. when a 1.1IO tracking GPS has a

3600 field of view of the Earth's horizon, about 750
occultations per | .10 per day can be obtained. However,

side-looking occultations (GPS-1.110 link > 45° from
velocity or anti-velocity of | .EO) sweep across a large
horizontal region, and the spherical symmetry assumption
described in Sec. 2 becomes inaccurate.  Discarding side-
looking occultations, onc 1.110 provides up to 500
occultations per clay.

In the case of GPS-MET, only an aft-looking antenna was
mounted on the satellite, which reduces the viewing

geomel 1y to 1/2 the 1 {arth's limb (+90° from boresight).
In addition, in order to calibrate thc clocks of the occulting
transmitter and recciver, one other GPS transmitter and
one ground GPS receiver arc required (see Fig. 2; the
technique of calibration is described in more detail in the
next section).  This requirement, in addition to some
memory limitations inside the flight receiver, limits the
number of occultations to about 100 per day.

A high inclination 1.EO provides a set of occultations that
covers the globe fairly uniformly.  This feature is
particularly advantageous when comparing 1.EO-GPS
occultation coverage to that obtained from balloon
launched radiosondes. A total of about 800 radiosondes
arc launched each 12 hours from sites around the world.
The vast majo1 it y of these sites are over the northern
hemisphere continents, particularly Europe and North
America.  This creates the need for high resolution
temper iturc/pressure/water vapor profiles in the southern
hemisphere and over the oceans. The contribution of radio
occultation retrievals to climate anti weather modeling
should be particularly important in these regions. (Global
data provided by spaceborne nadir sounders average over
large- 3-7 k- --vertical distances,)

When compared to infrared spaceborne sounders, the radio
occultation technique has the advantage of being an "all-
weather” system. Namely, it is insensitive to aerosols,
cloud or rain due to the relatively large GPS wavelengths.

Unlike other techniques such as radiosonde or microwave
sounders, where instruments aced constant calibration, the
GPSradio occultation provides a self calibrating system,
aswill be discussed inmore detail below. The long term



stability inherent in radio occultation make this an
excellent system to keep an accurate record of climate
changes.

4-CALIBRATING THE GPS SIGNALS/ISO-
I. ATING ATMOSPHERIC EXCESS DELAY

The main observable used in an occultation geometry is
the phase change between the transmitter and the receiver
as the occulting signa descends through the atmosphere.
This phase change is due to (1) the relative motion of the
LEO with respect to the GPS, (2) clock drifts of the GPS
and L1:O and (3) delay induced by the at mosphere. In
order to derive the excess at mospheric Doppler shift, one
must remove the contribution of the first two effects.

Accurate knowledge of the GPS orbits conies from an
overall solution involving al 24 GPS satellites and a
global net work of ground receivers. The LLEO orbit is
determined by usc of other links tracking the non-
occulting GP'S satellites.

When the occultation is mostly radial (i.e. GPS-LEOQ link
has no horizontal motion out of the occultation plane),
the occultation 1 ink descends through the ionosphere and
stratosphere at a rate of about 3 knl/see; thus, crossing a
Fresnel diameter (sece Sec. 3) in about 0.5 seconds.
However, in order to investigate sub-Fresnel structure (by
examining the diffraction pattern of the received signa’s
phase and amplitude) and for other purposes (such as
eliminating different signals caused by atmospheric
multipath in the lower troposphere) the occulting data is
taken at a rate of S0 Hz. Inorder to calibrate the 1L.EO
clock, one more GPS transmitter is tracked by the 11O at
the same high rate (link 2 in Fig. 2). in addition, in order
to calibrate the GPS clocks, a ground receiver tracks both
GPS satellites at 1 Hz (links 3 anti 4 in Fig. 2). One can
interpolate the lower rate GPS clock solutions to 50 Hz,

due to the greater clock stability (of order 10-12 sec/see, as

opposed to 10-9 sec/sec for the 1.LEO clock), and the
smoothness of the Dol Selective Availability dithering.

Knowing the position of all four participants (i.e. two
GPS satellites, one 1.EO and one ground receiver), and
modeling various physical effects such as light travel
time, the three spaceborne clocks can be solved for w .r. t.
to the ground clock. The net result of the calibration is
the excess phase due to the atmosphere as a function of
time (see Fig. 33).

5-DATA ANALYSIS ANI) TEMPERATURE
PROFILES

In this section wc show the various steps of processing
for a single retricval in order to understand the basic
characteristics of the atmospheric effects on the signal.
We then look at statistical differences between two days

Calibrating GPS

recelver

Fig. 2: The. occultation geometry involving two GPS
transinitlers, one g1 ound receiver and one space receiver.

worth of occultations and a numerical weather prediction
model.

An Individual Retrieval

After applying the cal i brat ion described in the previous
section, we obtain the atmospherically induced phase delay
(up to a constant bias). Fig.3 shows the 1.1 delay,
Doppler shift anti instrumental signai-to-noise ratio for an
occultation near Pago Pago, -14 N and 190 E near
midnight UT of April 25, 1995. The following features
can be observed from these two plots: 1- The phase has a
constant bias of about 20 m; this bias is irrelevant for
consequent processing si nce it is the phase time derivative
that is used. 2- Near the bottom of the ionosphere, there
is a sharp fluctuation of the SNK due to the sharp gradient
in refi activit y which causes more bending anti therefore
defocusing. This is suggestive of the sensitivity of GPS
radio occultation to sense the sharp structure of the
botton: of the E-layer in the ionosphere. 3- The rapid
increase in excess phase anti Doppler shift and the decrease
in SNR starting at the lower stratosphere is due to the fact
that atmospheric bending is becoming significant. This
bending causes the SNRtodrop from -130 volt/volt at
the top to -35 v/v at the bottom (averaged over 1 sec),
corresponding to about 1i dBB of signal loss, anti finally to
lose the signal. 4- The SNR shows a clear oscillation
near the tropopause which is indicative of a diffraction
pattern caused by the sharp change in temperature lapse
rate. 5- The SNR shows a peak (-150 v/v) in the middle-
troposphere which can be caused by signals coming from
a large region (relative to a Fresnel zone) and focusing
near the receiver. The corresponding 1.1and 1.2 bending
for the same occultation are shown in Fig. 4. Again the
sharp feature around 90 km is caused by the sharp
curtailing of electron density. The L2 bending as a
function of asymptote. miss distance, (@), is
interpolated to the 1. i asymptote miss distance and the
following relation is used to calculate the neutral
atmosphere's contribution to bending [procedure suggested
by Vorob'ev and Krasil'nikova, 1993]

a(e) =254 o (a)) -- 1L.54 0y(a,), (8)




where the first and second coefficients of Eq.8 corresponds

2/01,2-1,2 2111212 i
to f121(f12-1»%) and J2°/(/1%-12°) respectively, and f;, f» are
the operating frequencies for1.1and 1.2 respectively. The
difference in bending in 1.1 and 1.2 frequencies is due to
the dispersive nature of the ionosphere (which leads to Fg.
8). Above 40km, bending dueto the ionosphere
dominates.

Using the ionosphere free bending, oa) and Egs. (3)-(6),
temperature is derived in the neutral atmosphere and is
shown as a function of pressure in Fig. 5. Also shown
on the same figure are temperature profiles obtained from
a nearby radiosonde and a stratospheric numerical weather
prediction model obtained from the Nationa
Meteorological Center (NMC). The GPS-MET profile
agrees with the radiosonde and the NMC analysis to about
2K between 450-1() mbar and to the NMC analysis to
about 10 K between 10-1 mbar.  The only auxiliary
information usedinderiving the GPS-MET temperature is
an initial condition of temperature at 50 km atitude equal
to the NMC analysis temperature. Given the measured
density at that height, this initial condition can be
translated into a pressure boundary condition which is

350 lor"iosphor'b o0 ket =5.0 km# %5 km +
Mesosphere
300 T Stratosphers
. —.s -Delay, m F—
i 250 ¥ L Doppler, Hz
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g 200 }
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.,0 t + — + + 1 } -L
0 20 40 60 6 0
Time past 1995-04.25-000600 UTC, sec
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Fig.3: (a) top: excess atmospheric phase and doppler asa
function of time; (b) bottom: receiver’s signal-to-noise
ratio as a function of time

Pressure, mbar

needed in order to integrate Eq. 6. The oscillation of the
GPS-MET temperature above 10 mbar can be attributed to
thermal noise in the GP’S phase measurement and residual
ionospheric effects. The lowest point in the GPS-MET
profile corresponds (o about 7 km where the signal is lost.
Thisloss of the signal is due to signal defocusing which
is exam-bated by the presence of water vapor layersin the
lower troposphere.

More individual temperature retrievals as well as statistical
differences between numerical weather prediction analyses
obtaincd from the Europcan Center for Medium-range
Weather Forecasting (HCMWEF) and GPS-MET are also
discussed by Kursinskiet al. [1995 b].

200 i +

1 Bending of L1 signal

Bending of L2 signal
——loriosphere calibrated bending

=
13
o

Asymtote miss distance, km
=
o
o
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0 t t
0001 001 0.1 1
Bending angle, deg

Fig. 4: Bending of GP'S-1.1and 1.2 signals and ionospheric

frec bending as a function of asymptote miss distance

0.1 y 1 1 1 } }
—GPS-MET
- . Radiosonde
-+ NMC model

1
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} LT,

100C | |
) 200 220 240 260 280 300 3 )

Temperature, K

Fig. 5: Temperature profile from GPS-MET radiosonde and
NMC stratosphericmodel



Statistical Comparisons

GPS-MET, which is a secondary instrument on Microl .ab
1, is configured in afavorable geometry (antennaboresight
in the anti-velocity direction) only for about two weeks
out of each repeat cycle of the satellite (55 days). Thus
far, this has happened twice: once between April 22-May
6, 1995, and again between June 17-July 11, 1995.
(These periods were interrupted by times of non-ideal
viewing geometry, clue to attitude control problems.) AS
was off during these periods and data for April 24, 25 and
May 4, 5 were analyzed. On each of these days
respectively, 98, 119,98 and 69 occultations were
recorded, with about half of these successfully inverted,
while the rest were automatically discarded, normally due
to a data gap in onc of the four links discussed above (scc
Fig. 2). The number of occultations for these four days as
a function of the lowest height that an occultation reaches
is shown in Fig. 6.

In order to assess the accuracies of retricved temperature
profiles from GPS occultations, wc compare with the 6-
hour ECMWF andlyses. These arc among the best
available global analyses of atmospheric temperature
structure below 10 mbar, and comparison against them
has become a standard method for evaluating the accuracy
and resolut ion of observational results [Flobert et d.,
199 1]. Fig. 7 shows temperature difference dat istics for
al successfully retrieved profiles for May 4 and 5, 1995.
in order to eliminate temperature retrieval errors duc to
water vapor, t ropospheric temperat arcs exceeding 250 K
have been excluded from the comparisons. The three
panels in Fig. 7 display temperature difference statistics

40 [ - -

35

30

25 ¢

20

No. of Decytations

g 10 11 12 13 14

Height, km

Fig. 6: lowest height of occulting signal for days April
24,25 and May 4,5 of 1995.

for the northern high latitudes (30N-90N), the tropics
(30S-30N), and the southern high latitudes (30S-90S).
Within each latitude zone, retrieved profiles are widely
scattered in both location and time.

It is clear from ¥ig. 7 that agreement between the two data
sets in the northern hemisphere is impressive with mean
differerices of generally less than 0.5 K and difference
standard deviations of typicaly 1to 2 K. Itshould also be
remembered that these differences include retrieved vertical
structure that is not resolved by the KCMWE analysis,
especialy above 100 mbar. This agreement is particularly
significant because the 1{CM WE analyses are expected to
be most accurate in the. northern hemisphere. Although
both radiosonde and TOVS (TIROS Operational Vertical

North (lat > +30) Tropics &-30 <lat< +30) South (lat< -30)
34 profiles 32 profiles 33 profiles
10 T r oYY 10 — T T T 10 T T T
IS LA / : -
0 \‘ , \‘ 'l ’, R
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» s G p Y ]
5 100 [ < 1 100 . A 1 100
7 SIS =
g ' 4
o ll I| l‘ 4 l\
. Fl 1 LY
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6 -4 -2 0 2 4 6 6 -4-2 0 2 4 6 -6-4

Fig. 7: GPS occultation retrievals from 95/05/04 and 95/05/05 vs. ECMWF analyses. Mean temperature difference with
standard error bars (K) (solid lines); One standard deviation about mean difference (shaded lines).




Sounder, a space-based sensors with typical 3-7 km
vertical resolution) data are assimilated into the ECMWE
model, the analyses are expected to be less accurate in
some regions of the southern hemisphere due to the sparse
distribution of radiosondes. Southern hemisphere
radiosondes cluster over a few land masses whereas the
occultations fall mostly over the ocean. Fig. 7 shows
that in the southern hemisphere, both mean temperature
differences and standard deviat ions increase a lower
dtitudes. As the occultation retrieval process has little
dependence on latitude, the good agreement in the northern
hemisphere suggests that the larger systematic and random
differences at southern latitudes originate in the analyses
rather than in the retrieved profiles. Further inspection of
the data shows that this difference feature is produced by a
small sub-set of 8 occultation profiles concentrated far
from radiosonde ascents in the southern hemisphere storm
track and close to the ice edge, where problems in the
assimilation of TOVS data arc known to arise [Byre €t d.,
1993]. Agreement with the remaining 25 profiles is
comparable with that achieved in the northern hemisphere.

Temperature differences at tropical latitudes also display
distinctive structure in Yig.7. On average, retrieved
profiles arc about 1 K colder than the analyses between
300 and 100 mbar whereas above 70 mbar, they arc
warmer by a similar amount. A statistical comparison
between tropical radiosondes and the ECMWE  analysis
revealed a qudlitatively similar temperature difference
structure, although the radiosonde temperatures in the
upper troposphere are generally not quite as cold as the
retrievals. Retrieved  temperature  gradients are
systematically larger than analysis gradients just above the
tropopause. These gradients are associated with wave-like
structure often seen in the retrievals just above the tropical
tropopause, and not resolved in the ECMWEF analyses.
While tropospheric standard deviations are similar to those

in the norther n hemisphere, stratospheric values are
somewhat larger due, perhaps, to waves above the
tropopause. Accurate temperature measurements near the
tropical tropopause are needed to understand convection
and energy transfer within the atmosphere, troposphere-
stratosphere exchange processes, and future climatic
variations. Although the temperature retrievals are
prelimi nary, and in spite of the clear need for more data,
the tropical results are felt to be reliable because of the
excellent agreement achieved in the northern hemisphere.
6-I1ONOSPHERIC PROFILES

Although the purpose Of the GPS-MET experiment was
mainly t0 demonstrate the usefulness of the GPS radio
occultat ion for sensing the neutral atmosphere, the same
technique can be uscdio obtain profiles of electron density
in the ionosphere. 1 n the ionosphere, the spherical
symmecltry assumption iS not as accurate as in the neutral
atmosphere, for rcasons that are described in Sec. 3.
Nevertheless, in this section wc show some representative
profile\ of electron densities obtained from GPS-MET
with the spherical assumption. A first order, but
significant, improvement of the spherical symmetry has
been proposed elsewhere [Hajj et a., 1994] where global
maps of integrated zenith electron density [Mannucci et
al., 1994] can be used in order to constrain the horizontal
variability.

The nominal design of the GPS-MET receiver was to
collect data at threc different rates depending on the
geometry of tbc GPS-1.EOlink. When the link is at
positive elevat ion (i .c. looking above the 1.LEO local
horizontal at 730 km) the rate is 0.1Hz. When the link
has a negative elevation (i.e. its tangent point is below
the L) :O dtitude), data is taken at 1 Hz rate. When the
tangent point getsas low as -120 km altitude (30 km
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Fig. 9: lonospheric electron densit y profiles for three different geographical regions for night and day time obtained with the
assumption of spherical symmetry.




above which the neutral atmospheric effect starts to be
detectable) the data is taken at 50 Hz. (Data used in
deriving Fig. 5, had a high rate starting at 180 km.) Due
to complications with the receiver software, however, one
second data has not been collected. Instead, 0.1 Hz data
was available through the ionosphere down to 120 km
below which 50 Hz was taken. The inversions shown
below are based on connecting these two data rates which
explains the higher density of points below 120 km.

One can readily distinguish numerous prominent features
of the ionosphere at day and night time and for different
geodetic latitudes. These profiles are obtained around
midnight (night-time profiles) and noon (day-time
profiles) of May 4, 1995. The main features that are
readily observed are the presence of the three distinct
layers, E, ¥1and F2 in the mid-latitude and equatorial day -
time profiles, the higher electron density during the day,
the sharp drop of the Il region at night, the higher F2
peak near the equator and the very low peak at high-
latitude night. Normally, one would expect the electron
density to drop clown to effectively zero around 60 km.
The fact that they do not can be attributed to the spherical
symmetry assumption used in the retrieval which can
create an overall bias in the E-layer electron density,
athough the point-to-point structure can bc accurate.
Ways of improving these retrievals are now underway and
will bc presented in a future work.

7-CONCLUSION

Based on theoretical estimations and simulations [Hardy et
al., 1993] atmospheric temperature profiles are expected to
be accurate to the sub-Kelvin level between 5-30 km
heights. initia results of GPS-MET are consistent with
these predictions. The GPS radio occultation
measurements combine accuracy with the vertical
resolution necessary to resolve tropopause structure in a
way that is well beyond the capabilities of current space-
based atmospheric sounders. A single orbiting GPS
receiver provides up to 500 globally distributed soundings
daily. The density of these measurements exceeds that of
high vertical resolution radiosonde soundings by severa
factors in the southern hemisphere  The coverage,
robustness, accuracy, vertical resolution, and insensitivity
to cloud inherent to GPS radio occultation suggest that it
wiii have a mgor contribution to global change and
weather prediction programs around the globe.

In the ionosphere, GPS radio occultations provide electron
density profiles. Spherical symmetry is accurate enough
to see the prominent structures in the ionosphere, but
improvements over this assumption, such as using
information from ground data and/or nearby occultations,
can be applied to get more accurate profiles.
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